The band structure and photocatalytic activity of RE (La, Ce, Pr or Nd) mono-doped and RE-N co-doped SrTiO 3 for band gap reduction are studied systematically using first principles calculations. Based on the evaluation methods proposed by us previously, various RE-N co-doped cases with La-N, Ce-N, Pr-N and Nd-N co-doped in SrTiO 3 are studied. By comprehensive comparison, the favourable co-doping dopants are obtained and the predicted Pr-N co-doped SrTiO 3 shows that it may serve as an effective potential candidate photocatalyst for water splitting under visible light among the four types of RE-N co-doped cases. In addition, the f state electrons from the RE atom may have a greater contribution to the band structure narrowing of the RE-N co-doped SrTiO 3 .
Introduction
Currently, there are numerous studies on exploiting the potential of semiconductor-based photocatalysts for water splitting and hydrogen production.
1,2 As one of the typical perovskites, SrTiO 3 has been extensively studied for its potential application in this area. [3] [4] [5] However, due to the wide band gap (about 3.2 eV) of SrTiO 3 , it shows a poor response on its exposure to visible light. 6 Currently, several researchers are trying to obtain substantially more sunlight by narrowing the band gap of SrTiO 3 . A common strategy for band gap reduction is to dope SrTiO 3 structures with various cations or anions. [7] [8] [9] [10] [11] Since mono-doping may cause compensating defects, co-doping has been proposed to overcome these limitations in SrTiO 3 .
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There have been numerous reports on transition metal ion or noble metal dopants with non-metal co-doping on SrTiO 3 previously. However, the rare-earth with non-metal co-doped SrTiO 3 and their photocatalytic properties have seldom been reported thus far. Only a few research studies mention this topic. Wei et al. 18 reported that the donor-acceptor pair recombination by co-doping could maintain the charge balance and promote the photogenerated carriers efficiency for N-La codoped SrTiO 3 under visible light. Wang et al. 19 reported codoping (N-La, C-Ce, and N-Ce-N) on the electronic structure of SrTiO 3 and found that (N-Ce-N) co-doping can signicantly narrow the band gap of SrTiO 3 . Dawson et al. 20 reported the defect chemistry of RE mono-doped SrTiO 3 /CaTiO 3 /BaTiO 3 and found that RE doping is energetically preferred in BaTiO 3 and least favourable in SrTiO 3 . Recently, the rare earths have attracted great attention with TiO 2 and have shown their importance in the TiO 2 matrix due to their incompletely occupied 4f and empty 5d states. 21 The photocatalytic activity of TiO 2 is improved by rare earth (RE) doping and the high oxidation states of RE ions may serve as efficient electron traps. [22] [23] [24] [25] Inspired by this, we think that it is necessary to systematically study the electronic structure and band edge of SrTiO 3 doped with RE elements or co-doped with RE and non-metals. In addition, since the RE elements have similar ionic radii and complex 4f or 5d electrons, it is a great challenge to accurately calculate their electronic structure and predict the best co-doping properties.
Herein, we present a comparative study on the electronic structure and photocatalytic activity of RE and N co-doped SrTiO 3 with RE (La, Ce, Pr or Nd) as a donor and N as an acceptor for band gap reduction. By combining the evaluation methods proposed by us previously, 26 we pick the best codoping dopant among the listed four co-doped cases via systematic evaluation and prediction. Moreover, the band structure of the chosen Pr-N co-doped SrTiO 3 shows that it may be a good candidate photocatalyst for water splitting under visible light.
ionic core interaction were calculated by the Perdew-Wang 91 gradient-corrected functional 28 and ultra-so pseudo-potentials. 29 The cut-off energy (E cut ) was set at 390 eV and a 2 Â 2 Â 2 Monkhorst-Pack 30 k-mesh was adopted. The energy convergence was set to 5 Â 10 À5 eV per atom. The largest force on atoms was set at 0. or Nd) atom substitute for the Sr site, which is described as La@Sr, Ce@Sr, Pr@Sr and Nd@Sr mono-doped SrTiO 3 , respectively. All of the RE atom mono-doped models are labelled in Fig. 1 
(b).
In order to obtain the formation energy needed for the different mono doped cases, the doping formation energy (E f ) of the different mono-doped cases was calculated according to the listed formulas and the results are shown in Table 1 .
The E f denes the energy of the mono or co-doped dopants in SrTiO 3 , and E un-doped , E N-doped , E La-doped , E Ce-doped , E Pr-doped , E Nd-doped , are the total energies of the SrTiO 3 without doping and with N doping, La doping, Ce doping, Pr doping, and Nd which leads to the relative larger formation energy of Sr substituted by La. The calculated lattice parameters (supercell) of the different RE mono-doped SrTiO 3 are shown in Fig. 2 . From the lattice parameters trend we may conclude that La is energetically unfavourable compared with the Ce, Pr or Nd mono-doped cases, which is consistent with the changing trend of the defect formation energy or ionic radius of the four different RE mono-doped SrTiO 3 .
3.1.2. RE mono-doping on band structure and band gap of SrTiO 3 . The DOS and PDOS for pure and RE mono-doped SrTiO 3 calculated are shown in Fig. 3 . 3 , the La@Sr mono-doped case has a relatively small effect on the band structure of SrTiO 3 ( Fig. 3(b) ), whereas the other three cases have a relatively big effect on the band structure of SrTiO 3 . The 4f orbit electrons have a bigger contribution on the band structure narrowing of Pr or Nd mono-doped SrTiO 3 . In addition, the f electron of Ce and Pr mainly located in the CB and the f electron of Nd tend to fall between the VB and CB of SrTiO 3 , which may be due to the different f electron energies of the Ce, Pr and Nd atoms (Fig. 3(c and e) ).
The band gap of the Pr@Sr or Nd@Sr mono-doped SrTiO 3 case shows some degree of narrowing, and in the Ce@Sr monodoped case, it shows some degree of increase compared with the pure case (Table 1) . From Table 1 we can clearly see that the band gap of La (Pr or Nd) mono-doped SrTiO 3 case shows some kind of narrowing, whereas in the Ce mono-doped SrTiO 3 case, it tends to slightly increase.
In order to describe the oxidation and reduction power of the RE mono-doped SrTiO 3 , the valence band (VB) bottoms (E VB ) and conduction band (CB) bottoms (E CB ) were calculated empirically according to formula (3). 37 Moreover, the suitable band edge of the catalyst should lie between the water reduction and oxidation potential, which means that the conduction band edge should lie at a potential more negative than the water reduction potential (<0 V vs. NHE at pH 0).
where E g is the band gap, E 0 is the scale factor relating the reference electrode redox level to the absolute vacuum scale (E 0 ¼ À4.5 eV for a normal hydrogen electrode), and x A a B b C c is the absolute electronegativity of compound A a B b C c , where the absolute electronegativity of La (Ce, Pr and Nd) atom was obtained from that reported by Bartolotti.
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The calculated E CB of pure, La mono-doped, Ce mono-doped, Pr mono-doped and Nd mono-doped SrTiO 3 are À1.16, À0.73, À1.19, À0.95, and À0.52 eV, respectively. Thus, the VB tops are 2.04, 1.72, 2.17, 1.99 and 1.59 eV, respectively. From the calculated E CB and E VB in Fig. 4 , we conclude that the four types of RE mono-doped SrTiO 3 meet the requirements for water reduction without considering their efficiency, where the La (Pr or Nd) mono-doped case may be the best choice.
RE co-doping in SrTiO 3
3.2.1. RE co-doping effects on formation energy and lattice parameters of SrTiO 3 . The formation energy needed for the different RE-N co-doped cases can be calculated similarly to that of the RE mono-doped cases, as previously described, with some revisions to the formula (formula (4)).
The calculated atomic structures of the different RE-N codopings on SrTiO 3 are shown in Fig. 1(c) and the lattice parameters (supercell) of the different RE-N co-doped SrTiO 3 are listed in Table 2 .
From Table 2 , it can be seen that the obtained formation energy of the La-N co-doped case is much larger than the other three Ce(Pr/Nd)-N co-doped cases. The change trend is similar to that of the RE mono-doped case.
For the RE-N co-doping cases, the binding energy should also be considered, which can describe the coupling strength of the RE-N co-doping cases. The defect pair binding energies were calculated according to the formula mentioned by Wei et al. 18 The obtained binding energies are 1.84 eV, 1.34 eV, 1.91 eV and 1.11 eV for La-N, Ce-N, Pr-N and Nd-N co-doped SrTiO 3 . This, La-N and Pr-N may be more stable for SrTiO 3 co-doping just from this point of view. Fig. 4 Calculated E CB and E VB of RE mono-doped SrTiO 3 compared with the water reduction potential (<0 V vs. NHE at pH 0). Table 2 The RE-N co-doping formation energies (E f ), binding energies (E b ) and band gaps (E g ) of SrTiO 3
E g with scissor operator (1.0 eV) The lattice parameters (supercell) of the different RE-N codoped SrTiO 3 were also calculated, and the result is shown in Fig. 5 . From the calculated result it can be seen that the lattice parameter a has a larger change than that of b or c, which is different from that of the RE mono-doped cases. This type of difference mainly originates from the N substitution for the O site, which also means that this type of substitution is more difficult than the RE substitution for the Sr site.
3.2.2. RE-N co-doping effects on band structure and band gap of SrTiO 3 . To get a better understanding of the electronic structure of the different RE-N co-doped cases of SrTiO 3 , we calculated the electronic band structure of the La-N, Ce-N, Pr-N and Nd-N co-doped SrTiO 3 . From the obtained band structure, it can be seen that the La-N, Ce-N and Pr-N co-doped SrTiO 3 tend to be a direct band gap semiconductor. In addition, no single donor or acceptor level appears between the VB and CB, which means that the electron of the donor level from the RE element (La/Ce/Pr or Nd) passivates the same amount of holes on the acceptor level from N ( Fig. 6(a-c)) .
We also calculated the total DOS and PDOS for the RE-N codoped SrTiO 3 , as shown in Fig. 7 . From the PDOS of Ce or Pr-N co-doped SrTiO 3 , we nd that the N 2p states form an effective complementarity with that of the Ce or Pr 4f states, which can effectively reduce the band gap (shown in Fig. 7(c and d) ). However, the band structure almost tends to have conductor character for the Nd-N co-doped case, which may be due to the fact that the energy of the complete 4f states just falls between the VB and CB of SrTiO 3 aer the co-doping (shown in Fig. 7(d) ). The band gap of the RE-N co-doped SrTiO 3 can be seen in Table 2 . It is clear that the four types of RE-N co-doped SrTiO 3 cases all tend to have a narrowing trend compared with that of pure SrTiO 3 , which is different from that of the RE mono-doped cases. This difference indicates that the RE-N co-doped cases may have a greater impact on the band gap compared with that of the RE mono-doped cases, and thus RE-N co-doping may be a better strategy.
It is difficult to select a suitable RE-N co-doping from the abovementioned four types of co-doping cases just from the value of the band gap; we also have to consider the precise band edge of the valence band (VB) bottoms (E VB ) and conduction band (CB) bottoms (E CB ) of the co-doped case. Thus, the E VB and E CB of the RE-N co-doped cases were calculated also using formula (3) .
The calculated E CB of the La-N co-doped, Ce-N co-doped, Pr-N co-doped and Nd-N co-doped SrTiO 3 were À0.52, À0.52, À0.48 and À0.08 eV, respectively, and thus the VB tops were 1.50, 1.49, 1.51 and 1.15 eV, respectively. The precise band edges of the E VB and E CB of La-N, Ce-N, Pr-N and Nd-N codoped SrTiO 3 are shown in Fig. 8 . From the obtained E CB and E VB , we could deduce that the band edges of La-N, Ce-N and Pr-N co-doped SrTiO 3 are located just out of the NHE potential and could well meet the requirements for water splitting and hydrogen production. 
Optical properties.
The optical properties can be calculated from the dielectric function 3(u) ¼ 3 1 (u) + i3 2 (u), and the imaginary part of the dielectric constant (3 2 ) can be calculated theoretically based on DFT.
39 A rigid scissor operator correction of 1.0 eV was adopted for the absorption spectra calculation. Then, the optical absorption coefficients for La-N, Ce-N, Pr-N and Nd-N co-doped SrTiO 3 and pure SrTiO 3 were calculated, and the obtained results are listed in Fig. 9 . From the calculated absorption data, it can be seen that the absorption edge tends to redshi compared with the un-doped case for the co-doping of La-N, Ce-N, and Pr-N.
3.3. Prediction and picking the favorable RE-N co-doping dopants on SrTiO 3 As described before, it is insufficient to predict one RE-N codoping case from the given La-N, Ce-N, Pr-N or Nd-N codoping systems as the best candidate. Based on the three basic rules proposed by us previously, 26 we choose the best codoping dopant among the listed four co-doped cases via systematic evaluation and prediction. By comprehensively combining the band gap, the precise band edge of E VB and E CB , the formation energy and binding energy of the different RE-N co-doping cases, the Pr-N co-doped dopant may be a good potential candidate for the co-doping of SrTiO 3 among the La-N, Ce-N, Pr-N and Nd-N co-doped cases, which may serve as an effective potential candidate photocatalyst.
Conclusion
We present a comparative calculation on the electronic structure and photocatalytic of RE (La, Ce, Pr or Nd)-N co-doped SrTiO 3 for band gap reduction. Based on the evaluation methods proposed by us previously, various types of RE-N codoping cases with La-N, Ce-N, Pr-N and Nd-N co-doped in SrTiO 3 are studied. The obtained favourable co-doping dopant and the predicted Pr-N co-doped SrTiO 3 shows that it may serve as an effective potential candidate photocatalyst for water splitting under visible light among the four RE co-doped cases. In addition, the f state electrons from the RE atom may have a greater contribution to the band structure narrowing of the RE-N co-doped SrTiO 3 .
